Associations of polymorphisms in the cytokine genes IL1β (rs16944), IL6 (rs1800795), IL12b (rs3212227) and growth factor VEGFA (rs2010963) with anthracosilicosis in coal miners in Russia and related genotoxic effects 
Introduction
Morbidity associated with chronic occupational pulmonary disease remains a major health problem among coal miners, especially in developing countries where mining technologies are less advanced and the rate of medical progress is slow. Anthracosilicosis (АS) is a form of nodular pneumoconiosis that results from the accumulation of carbon and silica in the lungs from inhaled coal dust, is the most severe of these diseases and can result in serious long-term health effects. One of the most negative features of AS is the ability of the disease to progress even after exposure to coal dust has ceased. The pathogenesis of the nodular form of AS is accompanied by the presence of extensive sclerotic processes with active humoral and cellular immune reactivity and sensitisation occurring in the pathology of the affected lung tissue. Disease transformation from simple pneumoconiosis to lung fibrosis is related to the concentration of the coal dust and duration and frequency of exposure and can be induced by the presence of the following factors in the work space: high humidity, polycyclic aromatic hydrocarbons and/or heavy metals. Nevertheless, some coal miners appear to have a low aptitude for developing AS, even those with a long length of service in coal mines. This is likely due to the multifactorial nature of the disease (1) . The pathogenesis of inflammatory pulmonary disease requires the activation of inflammatory cells-fibroblasts-as well as proliferation of these cells and the increased expression of cell matrix components. Cytokines play a critical role in the regulation of these processes (2) .
It has been demonstrated that a wide range of cytokines are involved in the pathogenesis of lung fibrosis. Yet only a very limited number of polymorphic variants of the genes encoding these cytokine proteins have been identified as associated with occupational pulmonary disease. Among the limited research in this area, the IL1α gene polymorphism in the 844 position has been associated with a high risk of pneumoconiosis development (3) . Cystic fibrosis in children from the pulmonary division of a North American children's hospital (MA, USA) has been shown to be associated with the polymorphic variants of the IL1β gene (rs1143634 and rs1143639). However, no significant associations between polymorphisms in the interleukin 1 gene IL1β (−511) and IL1Ra (+2018) with occupational pulmonary diseases have been discovered. Similarly, analyses of polymorphic variants of the IL6 (−174) and VEGFA (+405) genes have also revealed no significant associations with progressive fibrosis of the lungs (4, 5) .
It is known that coal miners exhibit a high level of DNA damage (6) (7) (8) (9) . However, the genotoxic effects that accompany occupational pulmonary disease in coal miners have, to date, been very poorly described and have not been studied for AS (10) . Previously, we published results showing that coal miners suffering from occupational pulmonary disease are characterised by an increased frequency of chromosome-type aberrations (CSAs) in comparison to healthy donors, that can be explained by the effects of enhanced inflammatory processes and by increased oxidative stress (11) . The pathogenesis of AS is accompanied by oxidative stress and the formation of nodules of inhaled silicates surrounded by macrophages. It is important to understand the influence of the disease on the frequency and types of chromosome aberrations (CAs) in order to better understand the pathology and disease progression.
The aim of this study was to study the genotoxic effects of AS disease and, in particular, to examine whether there are associations between AS and polymorphisms of the interleukin 1 gene IL1β (rs16944), the interleukin 6 gene IL6 (rs1800795), the interleukin 12 gene IL12b (rs3212227) and the vascular endothelial growth factor gene VEGFA (rs2010963).
Materials and Methods
The research study protocols were approved by the ethical committee of Kemerovo State University (Number 13, dated April 17, 2015) . The research has case-control design: case group: people with professional form of pneumoconiosis-AS and control group: workers from same coal mines, working in same condition.
Patient characteristics and sampling
Blood samples were obtained from coal miners working in mines in the Kemerovo Region of the Russian Federation (all five mines, included to research located in one region and characterising by similar geological features, working condition and occupational factors). All miners undergoing medical examination at the ResearchInstitute for Complex Problems of Hygiene and Occupational Diseases (Novokuznetsk, the Russian Federation) or the Regional Clinical Center of Miners' Health (Leninsk-Kuznetsk, the Russian Federation). Blood samples were collected (2015-16 years) in vacuum tubes containing EDTA (for PCR analyses) and heparin (for the assessment of CSAs). Sampling was performed before X-ray procedures and after informed consent had been obtained from each donor. Overall, 682 miners were included in the research. All participants were interviewed about their age, length of service, ethnicity, health conditions, alcohol and smoking status, drug intake, allergies, previous X-rays examinations or other medical treatments and air flights within 3 months. Patients who had been previously exposed to ionising radiation during medical procedures, flights or visiting of mountains regions were excluded from the study (174 participants). Patients with any form of cancer or infectious disease, minor ethnicities, alcohol consumers and smokers, former smokers (with less than 3 years non-smoking status) as well as workers with mean service times and aged workers who differed significantly from the sample population median values were excluded (215 participants). The exposed (case) group comprised of 129 non-smoking coal miners working in underground coal mines and suffering from the nodular form of AS. Differential diagnosis was based on X-rays and chemical analysis of coal dust in sputum. A diagnosis of AS was confirmed if the X-ray showed the characteristic large nodular and nodal conglomerates and the presence of free SiO 2 in coal dust at a level no less than 10%, as well as by tissue biopsy. For majority of participants, AS diagnosis was ensured few years ago before research and samples were obtained during medical re-examination. The mean age of the case group was 57.2 ± 3.62 years, and the mean length of service in coal-mining conditions was 27.0 ± 4.38 years. A total of 164 asymptomatic coal miners from the same mines as donors from the exposed (case) group were included in the control group. The mean age in this group was 47.11 ± 9.11 years, and the mean length of service in coalmining conditions was 18.45 ± 11.62 years. Cytogenetic analysis was performed on 78 workers from the exposed group (age 57.61 ± 8.30; experience 26.32 ± 8.32) and 56 workers from the control group (age 49.61 ± 7.66; experience 23.52 ± 8.57).
DNA extraction
DNA extraction from frozen venous blood samples was performed using the phenol-chloroform method. The nuclear fraction was isolated by selective lysis of cell membranes (12) . The routine method of phenol-chloroform extraction to separate the nucleic acids from proteins and lipids was then performed (13) . Samples (3 ml) of venous blood were thawed and thoroughly mixed, before adding to flasks containing 10 ml of saccharose buffer, and stored for 40 min at 0°С. The flasks were then centrifuged, the pellet resuspended in 300 µl SE-buffer (EDTA 25 mM, NaCl 75 mM) and proteinase K (500 µg/ml) and SDS (Sodium dodecyl sulfate 1%) were added to each flask. After incubation for 12 h at 37°С, 300 µl phenol was added to each flask. All samples were extracted twice with the phenol-chloroform solution (made up of 25:24:1 phenol:chloroform:isopropanol) followed by a further extraction with chloroform. Finally, the DNA samples were treated with 4 M NaCl and precipitated with 70% ethanol at −20°С.
PCR analysis
Four single-nucleotide polymorphisms (SNPs) were genotyped in the extracted DNA samples: IL1β T-511C (rs16944), IL6 C-174G (rs1800795), IL12b A1188C (rs3212227) and VEGFA C634G (rs2010963). Reagent kits produced by Lytech Company Ltd. (Moscow, the Russian Federation, http://www.lytech.ru/ about-lytech-eng.htm, catalog numbers: 01314, 01270, 01269, 01302) were used to perform PCR analysis on the extracted DNA. This method is based on allele-specific PCR on the key nucleotide. For each sample of extracted DNA, two PCR tubes containing the two different primer sets ('normal' and 'pathology') were prepared. Each primer set contained an allele-specific mismatch base within three nucleotides of the 3′ end of the SNP. Each sample contained 17.5 µl of the solvent, 2.5 µl of the reaction mixture and 0.2 µl of Taq-polymerase. A 5 µl aliquot of the DNA solution was added to the working mixture, and the DNA was amplified using the following process, as recommended by the PCR kit manufacturer: heating the mixture to 94°C, then maintaining at 93°C for 1 min, then 35 cycles of the following: 93°C for 10 s, 64°C for 10 s and 72°C for 20 s, followed by a final elongation step at 72°C for 1 min.
Detection of amplification products
Amplification products were detected by separation using horizontal electrophoresis in a 3% agarose gel. Tris-acetate-EDTA was used as both the gel and electrode buffer. A 10 µl aliquot of a 1% solution of ethidium bromide was added to 100 ml of melted agarose and mixed. The melted agarose was cooled to 50-60°C and poured into the plate for hardening. Next, 8-10 µl of the amplified PCR product was placed in the gel pockets in a sequence that corresponded to the sample numeration. The electrophoretic chamber was connected to a power supply at the voltage corresponding to an intensity of the electric field at 10-15 V/cm of gel for 15 min. Following electrophoresis, the gel was removed from the casting and placed on the glass of a UV-transilluminator (Vilber Lourmat ECX-15.M). Image capture was performed by a photo camera and the computer software GelImager (Helicon, Moscow, the Russian Federation).
Cytogenetic analysis
Cytogenetic analysis was performed using the in vitro CA test, with certain modifications (14) . Whole blood samples obtained from the ulnar vein were cultured as follows: 0.5 ml blood was mixed with 0.1 ml phytohaemagglutinin (PanEco, Moscow, the Russian Federation), 6 ml RPMI-1640 (PanEco, Moscow, the Russian Federation) and 1.5 ml embryonic veal serum (HyClone Laboratories, USA) in a culture flask. Next flasks were placed in an incubator at 37°C for 48 h. Then, colchicine (PanEco, Moscow, the Russian Federation) was added to the culture at a final concentration of 0.5 µg/ml, and the flasks were placed in an incubator at 37°C for 2 h. At the end of the culture period, the sample preparations were centrifuged for 10 min at 1000 rpm, the supernatant was removed and the cultures were resuspended in a hypotonic solution of 0.55% KCI for 10-15 min at 37°C. Next, samples were fixed in cooled fresh Carnoy's fixative (comprising methanol and acetic acid in the ratio 3:1) and then pipetted onto clean, cooled slides moistened with water. The sample smears were stained with 2% Giemsa solution.
Counting of the CAs was performed under light microscopy at 1000× magnification (oil immersion) without karyotyping. 
Statistical analysis
Statistical analysis was performed using STATISTICA 8.0 software (StatSoft Inc.). Pearson's chi-squared test was used to evaluate the goodness-of-fit of the data with the Hardy-Weinberg equilibrium. Paired comparisons of allele frequencies in case and control groups were performed using two-sided χ 2 tests for a 2 × 2 contingency table. To avoid the effects of multiple comparisons, a false discovery rate (FDR) correction was applied (16) . The strength of associations was accessed using the odds ratio (OR) calculated using the Meta Numerics 3.0.0 software. The Kolmogorov-Smirnov test was used to verify that the data have statistically significant differences from normal distribution. The data analysis was performed using the non-parametric statistics block. Group comparisons of non-parametric data were performed using the Mann-Whitney U-test. A sensitivity analysis was performed to evaluate predictable value of AS status and genotypes in certain SNP for CA frequency.
Results
The genotype frequencies of the selected gene polymorphisms [IL1β (rs16944), IL6 (rs1800795), IL12b (rs3212227) and VEGFA (rs2010963)] were determined in the cases and control patients and were compared. Three genotypes were exhibited in each gene distribution (two homozygous and one heterozygous). The genotype frequencies in the control and case (AS) groups were found to be consistent with the Hardy-Weinberg equilibrium (Table 1) .
Genotype T/T (rs16944) on the IL1β gene was present in 10.86% of the total group of patients (cases and controls), with a higher frequency in AS patients (17.83%) than in healthy donors (4.35%) [OR = 4.77 (1.88-12.15), P < 0.01]. Conversely, the frequency of the homozygous genotype C/C (rs16944) on the same gene (IL1β), which was present in 44.19% of the total group of patients, was lower in AS patients (31.01%) than in healthy donors (56.42%) (OR = 0.4, P < 0.05). Pearson χ 2 comparisons of the gene frequencies in the two patient groups also revealed a significant difference (χ 2 = 9.74, df = 2, P = 0.008), after controlling for FDRs. For the heterozygous genotype C/T, no significant differences between the patient groups were identified. Similarly, for polymorphisms on the IL6, IL12b and VEGFA genes, no significant differences between the patients groups were identified.
The results of the cytogenetic analysis to identify structural CAs in the chromosomal DNA of patients in the two experimental groups are presented in We also determined the frequency of chromosomal aberrations in polymorphisms of the genes IL1β (rs16944), IL6 (rs1800795), IL12b (rs3212227) and VEGFA (rs2010963). A tendency towards an increase in the frequency of dicentric chromosomes was found for polymorphisms of these genes in AS patients ( A sensitivity analysis was performed to evaluate predictable value of AS status and genotypes in certain SNP for CA frequency. The total frequency of aberrations was confirmed as «satisfactory predictor» for AS diagnosis by the results of ROC (receiver operating characteristic) analysis [area under the curve (AUC) = 0.662]. Also the frequency of dicentric chromosomes was increased in carriers of the T/T genotype for the IL1β gene (rs16944) polymorphism confirmed by the results of ROC analysis («satisfactory predictor», AUC = 0.676).
Discussion
Cytokines play an important role in the pathogenesis of AS due to the pro-inflammatory effects of these proteins. Of these, IL1β has pro-inflammatory and fibrinogen-like effects and plays a significant role in the early stages of the fibrotic process (17) . IL1β also activates phagocytes and promotes their migration to the site of inflammation where they activate fibroblasts that produce other pro-inflammatory cytokines such as IL6 and IL8, thereby amplifying the inflammatory response further. An increased level of cytokine gene expression has been observed both in fibrotic lung pathologies and in chronic obstructive pulmonary disease (18, 19) . The leading role of IL1 in the development of silicosis has been revealed from clinical experiments in which, after a course of injections of anakinra (a recombinant, non-glycosylated form of the human receptor antagonist IL1), a significant improvement in the silicosis of patients with a severe form of the disease was observed, until remission (20) . Furthermore, increased levels of IL6 in the lung and sera of patients with fibrotic lung disease have been observed, that can be explained by its common pro-inflammatory effect and ability to inhibit apoptosis in fibroblasts (21) (22) (23) . Increased concentrations of IL12β have similarly been observed in the blood sera of donors suffering from (7) 7.14 (8) 
CC (30) TC (42) TT (13) CC (18) CG (47) GG (21) AA (51) AC (27) CC (8) GG (46) GC (28) CC (7) Frequency of aber- 
CC (19) TC (22) TT (4) CC (12) CG (26) GG (10) AA (29) AC (17) CC (3) GG (23) GC (18) CC (2) Frequency of aber- silicosis (24) . In the present study, we observed a significant association between the IL1β gene C-511T polymorphism and AS, which is consistent with the believed pathogenetic mechanism of AS disease development. IL1β is one of the key biological factors involved in the activation of phagocytes and has a leading role in the initiation of the local inflammatory response, thus regulating both mechanisms responsible for the development of AS. Over-expression of IL1β is a consequence of nucleotide substitutions at position 511 (rs16944) and may be a factor in stimulating the developing pathology of the disease. The significant increase in the detection rate of genotype T/T (rs16944) of this gene in AS patients that was observed in the present study could be an indicator that carriers of this genotype have an increased susceptibility to the development of AS, and that the genotype T/T is a predictor of the development of AS in the Russian population. In contrast, the significantly lower frequency of the C/C genotype that we observed in AS patients could be an indicator that this genotype is a protector against AS development. Our findings in this respect can be compared with those of a previous study carried out in China that analyzed the frequency of polymorphisms on the IL1β gene in 80 workers with silicosis, 45 working patients with pneumoconiosis and 125 healthy workers (3) . In that study, in contrast to the present study's findings, an association between silicosis and the polymorphism rs16944 in the IL1β was not observed, but it should be noted that in the Chinese study, donors of different ethnic origins that inherently exhibit differences in the frequencies of the studied genes as well as genes of antioxidant system were included, so their findings in this respect should be interpreted with caution. Further studies are required in this area in order to confirm the findings of the present study.
The absence of apparent differences between the frequencies of polymorphic variants on the IL6, IL12b and VEGFA genes in the present study does not fit logically with what is known about the value of these genes in the pathogenesis of AS. However, again, there is a need for further studies to confirm or refute the absence of a correlation (4, 5) .
A significant increase in frequency of certain CAs (chromosome interchanges) observed among AS donors looks interesting, as these kinds of effects are typical of radiation damage and caused by acute oxidative stress (25) . At the same time, the accumulation of data about the adverse biological effects of ionising radiation in small doses has led to the belief that metabolic stress, not DNA damage as a result of ionisation events, could be a major factor in determining the fate of cells after irradiation in small doses. The key process that can adversely affect the homeostasis of irradiated cells is the radiation-induced generation of reactive oxygen species (ROS). ROS can damage DNA to form double-strand breaks, and telomere formation of 'sticky ends', the presence of which lead to the occurrence of ring and dicentric chromosomes. The importance of oxidative stress in dictating the frequency of CAs has been repeatedly confirmed indirectly, by artificially increasing or decreasing the activity and concentration of antioxidant enzymes, which leads to a decrease or an increase in dicentric and ring chromosomes, and translocations (26, 27) . The high toxicity of silicates to alveolar macrophages is also characterised by their effects in increasing oxidative stress due to the subsequent active death of macrophages, with the release of lytic enzymes and ROS into the extracellular matrix. The source of the ROS appears to be the mitochondrial respiratory chain and NADPH-oxidase system, although confirmation of the latter requires more direct evidence. ROS influence the membranes surrounding cells causing oxidative stress, which in turn can induce the occurrence of chromosomal aberrations (28) . An increased level of CTA in AS donors may be caused by more intensive exposure by chemical genotoxicants that probably associated with decreased lung ventilation according to AS pathology.
The increase in the frequency of dicentric chromosomes in AS patients carrying the IL1β (rs16944) TT genotype compared with AS patients carrying CC genotype may be the result of overall increase of oxidative damage in AS group. This kind of DNA damage is considered as the prevailing conditions resulting in chromosomal aberrations. The presence of the T allele results in an increased level of expression of the IL1 cytokine that leads to the exacerbation of oxidative stress in AS patient and, therefore, to additional chromosomal aberrations. This tendency is not observed in the control group. The lack of significance of this finding after correction for false discoveries may be explained by the relatively small size of the patient sample in the present study. Thus, further studies are required to clarify this possible association.
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